Introduction
============

Methanotrophs are microorganisms that can metabolize methane as their sole source of energy ([@B95]; [@B8]). They play a major role in the global carbon cycle ([@B16]) and thrive in diverse ecosystems that have an influx of methane, including freshwater and marine sediments, wetlands, coal mine drainage waters, wastewater, groundwater, sewage sludge, most soils, and natural gas reserves ([@B26]; [@B47]; [@B8]). Methane is 28 times more potent as a heat-trapping greenhouse gas than carbon dioxide ([@B19]) and is a common low-value industrial by-product ([@B86]). On the other hand, this industrial waste can be converted by methanotrophs into value-added products such as biopolymers, biofuels, single-cell proteins for animal feed and human food, and nutrients for growth media, among others ([@B86]; [@B42]).

Methanotrophs with validly published names belong to two classes, *Gammaproteobacteria* (also termed Type I and Type X) and *Alphaproteobacteria* (also termed Type II) ([@B8]). Gammaproteobacterial methanotrophs belong to the order *Methylococcales*, which constitutes the families *Methylococcaceae*, *Methylothermaceae*, and *Crenotrichaceae*, currently including 42 species with validly published names from 19 genera ([@B74]). Most of the identified isolates belong to the family *Methylococcaceae*, which consists of 16 genera and 39 species. Family *Methylothermaceae* consists of two genera and two species, and family *Crenotrichaceae* consists of a single genus and species ([@B74]). These taxa were circumscribed mainly based on phylogeny of 16S rRNA gene sequences ([@B8]). The oxidation of methane to methanol is performed by the particulate methane monooxygenase (pMMO), present in most methanotrophs, and the PmoA subunit has also been widely used in phylogenetic analyses ([@B47]; [@B8]). Taxonomy within this order has been questioned and revised significantly ([@B9], [@B10]; [@B8]). In some cases, 16S rRNA and PmoA phylogenies are not congruent and certain genera appear as polyphyletic (e.g., *Methylobacter* and *Methylomicrobium*) or paraphyletic (e.g., *Methylosarcina*) ([@B47]). A group or taxon is polyphyletic if they are derived from more than one common ancestor; it is paraphyletic if they are derived from a common ancestor, but the taxon does not include all descendants of that common ancestor. These are in contrast to a monophyletic taxon, which is composed of all descendants of a single common ancestor. The monophyletic nature of members in a phylogenetic tree is the main criterion for defining a taxon ([@B80]).

With the advent of next-generation sequencing, phylogeny using whole-genome sequences, as opposed to single genes, has become an important tool for the delineation of prokaryotic taxa and clarification of taxonomic inconsistencies ([@B15]; [@B22]; [@B14]; [@B72]). Recent studies of the phyla *Actinobacteria* and *Bacteroidetes* mainly used a genome-based phylogeny to reclassify organisms at various taxonomic ranks, despite inconsistencies in phenotypic information ([@B25]; [@B64]). Although several major features are still distinctive between Type I and Type II methanotrophs (e.g., one-carbon assimilation pathway, type of intracytoplasmic membrane arrangement, etc.), the characterization of several new genera and species made initially distinct traits no longer indicative for one or the other type (e.g., signature fatty acids, formation of resting stages, optimum growth temperature, etc.) ([@B47]). The availability of whole-genome sequences has also provided defined delineation standards through genomic comparisons, more so for species than higher ranks ([@B22]). Experimental DNA--DNA hybridization (DDH) is now being replaced by *in silico* (digital) DDH (dDDH) ([@B3]; [@B60]), yet still maintaining the cut-off of 70% hybridization for two genomes to belong to the same species ([@B24]). Similarly, average nucleotide identity (ANI) also measures the nucleotide-level similarity between two genomes ([@B79]), which represent the same species if they have at least 95% ANI ([@B24]). The use of ANI had uncovered high levels of genomic similarity between methanotrophic species *Methylomicrobium agile* and *Methylomicrobium album* ([@B37]), as well as *Methylobacter marinus* and *Methylobacter whittenburyi* ([@B17]), therefore questioning their identities. Although not as widely used, average amino acid identity (AAI) ([@B49]) and the percentage of conserved proteins (POCP) ([@B75]), which both measure amino acid-level genomic similarity between protein-coding regions, have been proposed to delineate organisms at the genus level.

This study aimed to establish a whole-genome phylogeny for currently available *Methylococcales* genomes, supplemented with genome-based similarity indexes to determine and resolve taxonomic inconsistencies within this group of microorganisms.

Materials and Methods {#s1}
=====================

16S rRNA, PmoA, and Whole-Genome Sequences Used in This Study
-------------------------------------------------------------

Nucleotide or amino acid sequences of the 16S rRNA and *pmoA* genes from 49 type and representative strains of *Methylococcales*, including species with effectively but not validly published names, were obtained from the NCBI GenBank ([@B4]) or MicroScope ([@B59]) databases (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}). Additionally, a total of 91 whole-genome sequences were obtained from the NCBI Microbial Genomes ([@B87]) or MicroScope ([@B59]) databases, including 86, 3, and 2 genomes previously identified to belong to *Methylococcaceae*, *Crenotrichaceae*, and *Methylothermaceae*, respectively (Supplementary Table [S2](#SM1){ref-type="supplementary-material"}). Annotated plasmid sequences, if present, were excluded from any analysis. An additional set of sequences from two species belonging to the genus *Methylosinus* (Type II methanotroph) was chosen as outgroup for phylogenetic analyses.

16S rRNA and PmoA Phylogenies
-----------------------------

The 16S rRNA and PmoA sequences were aligned with MAFFT 1.3.7 ([@B44]) in Geneious 11.1.3 ([@B45]). Poorly aligned positions were eliminated using GBlocks 0.91b ([@B13]). The final alignments, with 1,469 nucleotide positions for 16S rRNA and 243 amino acid positions for PmoA, were used to reconstruct maximum-likelihood phylogenetic trees with RAxML 8.2.12 ([@B84]). The GTR (general time reversible) nucleotide substitution model or WAG (Whelan and Goldman) amino acid substitution model and the gamma model of rate heterogeneity were used. Robustness of branching was estimated with 100 bootstrap replicates. Nodes with 50% or less bootstrap support were collapsed to polytomies using TreeCollapserCL 4.0 ([@B32]). The trees and support values were visualized using iTOL 4.2 ([@B53]) or FigTree 1.4.3 ([@B77]).

Whole-Genome Phylogeny
----------------------

The high-throughput version ([@B61]) of the Genome BLAST Distance Phylogeny (GBDP) approach ([@B27]; [@B60]) was used to infer phylogenies from the genome sequences (restricted to coding regions) in conjunction with BLAST+ 2.2.3 ([@B12]) in BLASTN mode with default parameters except for an *E*-value filter of 10^-8^ ([@B61]). The greedy-with-trimming GBDP algorithm was applied in conjunction with formula *d~5~* and subjected to 100 pseudo-bootstrap replicates ([@B60], [@B61]). FastME 2.1.4 ([@B52]) was used to infer phylogenetic trees from the original and pseudo-bootstrapped intergenomic distance matrices. The tree and support values were visualized using iTOL 4.2 ([@B53]) or FigTree 1.4.3 ([@B77]).

Genome-Based Similarity Indexes for Genus Delineation
-----------------------------------------------------

For the clarification of genus affiliations, AAI ([@B49]) and POCP ([@B75]) were used for amino acid-level comparisons for every pairwise combination of genomes. AAI was determined by calculating the mean protein sequence similarity of all protein-coding genes shared between strains ([@B49]). This was done with CompareM 0.0.21 ([@B71]), which employed Prodigal 2.6.3 for gene calling ([@B34]) and DIAMOND 0.9.19 to perform sequence similarity searches ([@B11]), using default BLASTP parameters (i.e., 10^-5^ *E*-value, 30% sequence identity cut-off, and ≥70% alignment length) to define bidirectional best BLAST hits between genomes. Also, using CompareM 0.0.21 ([@B71]), the number of orthologous genes shared between two genomes was determined. This was subsequently used to calculate POCP using the formula \[(2 × S)/(T1+T2)\] × 100%, where S represents the number of genes shared between genomes and T1 and T2 represent the total number of proteins in the two genomes being compared ([@B75]).

Genome-Based Similarity Indexes for Species Delineation
-------------------------------------------------------

For the clarification of species affiliations, dDDH ([@B3]; [@B60]) and ANI ([@B24]) were used for nucleotide-level comparisons for every pairwise combination of genomes. dDDH was calculated using the recommended settings (formula 2) of the Genome-to-Genome Distance Calculator 2.1 ([@B3]; [@B60]). ANI was calculated as described by [@B24] and using default parameters in JSpecies 1.2.1 ([@B79]). Briefly, the query genome was cut into 1,020 bp fragments, and these were used to search against the reference genome using BLASTN with a sequence identity cut-off and an alignment length minimum as above. The query and reference genomes were then reversed. The bidirectional best BLAST hits for each fragment were reported as the average percent identity from all comparisons. Two genomes belonging to the same species would have a dDDH of at least 70%, which corresponds to at least 95% ANI ([@B24]; [@B3]; [@B60]).

Selection of Phenotypes to Support Reclassifications
----------------------------------------------------

In cases were phenotypic information was needed to clarify taxon affiliation, data on several phenotypic characteristics commonly tested between organisms were collected from the original isolation papers and the *Bergey's Manual of Systematics of Archaea and Bacteria* (Table [1](#T1){ref-type="table"}; [@B6],[@B7]; [@B30]; [@B37],[@B38]; [@B17]; [@B8]). Data missing from isolation papers and information on isolates that are not type strains were retrieved from other references as stipulated.

###### 

Phenotypic characteristics of member species of *Methylomicrobium*, *Methylotuvimicrobium* gen. nov., and *Methylosarcina*.

  Genus                          *Methylomicrobium*   *Methylotuvimicrobium* gen. nov.   *Methylosarcina*                                                                                                                                                                                       
  ------------------------------ -------------------- ---------------------------------- ------------------------ --------------------------------- --------------------------------- ------------------------------ ----------------------------- ------------------------------ ------------- -------------
  Former name                    NA                   NA                                 *Methylosarcina lacus*   *Methylomicrobium alcaliphilum*   "*Methylomicrobium buryatense*"   *Methylomicrobium japanense*   *Methylomicrobium kenyense*   *Methylomicrobium pelagicum*   NA            NA
  Type strain                    ATCC 35068           BG8                                LW14                     20Z                               5B                                NI                             AMO1                          AA-23                          AML-C10       AML-D4
  Type species                   Yes                  No                                 No                       Yes                               No                                No                             No                            No                             Yes           No
  **Characteristics**                                                                                                                                                                                                                                                                           
  Pigmentation                   W to SL              W to SL                            W to SL                  W to SL                           W to SL                           W to SL                        W to SL                       W to SL                        LB            LB
  Motility                       \+                   \+                                 --                       \+                                \+                                \+                             \+                            \+                             \+            \+
  Cyst formation                 --                   --                                 --                       --                                --                                --                             --                            --                             \+            \+
  Desiccation resistance         --                   --                                 --                       \+                                \+                                --                             --                            --                             --            --
  Growth occurs with 3.0% NaCl   --                   --                                 NR                       \+                                \+                                \+                             \+                            \+                             --            --
  Temp. growth, range (°C)       10--37               10--37                             4--35                    NR                                4--45                             NR                             NR                            10--30                         22--37        22--32
  Temp. growth, optimum (°C)     25--30               25--30                             28--30                   NR                                28--30                            15--37                         NR                            20--25                         NR            NR
  Growth at 37°C                 \+                   V                                  --                       \+                                \+                                \+                             --                            --                             \+            --
  Growth at 45°C                 --                   --                                 NR                       --                                \+                                --                             --                            --                             NR            NR
  Heat resistance (80°C)         --                   --                                 --                       \+                                \+                                --                             --                            --                             --            --
  pH growth, range               6--9                 6--9                               4--7                     6.5--9.5                          6--11                             NR                             9--10.5                       6--8.5                         5.0--9.0      5.5--9.0
  pH growth, optimum             7                    7                                  5.5--6.5                 9                                 8.5--9.5                          8.1                            10                            7                              NR            NR
  pMMO                           \+                   \+                                 \+                       \+                                \+                                \+                             \+                            \+                             \+            \+
  sMMO                           --                   --                                 --                       --                                \+                                \+                             --                            --                             --            --
  Main fatty acid                C~16:1~ ω5t          C~16:1~ ω5t                        C~16:1~ ω8c              C~16:1~ ω7c                       C~16:1~ ω7c                       C~16:1~                        NR                            C~16:1~ ω5t                    C~16:1~ ω5t   C~16:1~ ω7c
  DNA G+C content (mol%)         58.1--59.6           54.4--56.3                         52--54.7                 48--49                            48--49                            49                             50.2                          48.5                           53.9--54.3    54--54.6
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b

). c.n., combinatio nova; NA, not applicable; +, present/tested positive; --, absent/tested negative; V, variable among strains; W to SL, white to slightly cream; LB, light brown; NR, not reported; pMMO, particulate methane monooxygenase; sMMO, soluble methane monooxygenase.

Results and Discussion
======================

To determine the impact of using the 16S rRNA and *pmoA* genes as main molecular markers for defining new methanotrophic taxa, phylogenetic analyses were performed using sequences from all 49 currently known type and representative strains belonging to the order *Methylococcales*, including those with effectively but not validly published species names (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}). The phylogenetic trees show low bootstrap support overall (Figure [1](#F1){ref-type="fig"} and Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}). When nodes with bootstrap support below 50% are collapsed, the poorly resolved tree backbones are evident (Figure [1](#F1){ref-type="fig"}). One should take caution when interpreting relationships from these trees, always keeping in mind that the taxon of interest should correspond to a highly supported monophyletic clade. It is also important to note that the use of these gene markers alone should not describe a taxon, but they can provide the first indication that an isolate could belong to a novel or already existing taxon ([@B89]).

![The phylogenetic relationship of *Methylococcales* type and representative strains based on **(A)** 16S rRNA and **(B)** PmoA sequences. The maximum-likelihood trees were constructed from the alignments of **(A)** 16S rRNA (1,469 nucleotide positions) and **(B)** PmoA (243 amino acid positions) sequences. *Methylosinus* was chosen as outgroup. Nodes with 50% or less bootstrap support are collapsed. Bootstrap support is indicated on the nodes as black (≥95%), gray (≥70%), or white (\>50%) circles. The scale bars represent **(A)** nucleotide or **(B)** amino acid substitutions per site. Genera with at least two members are colored; genera with single members (and outgroup) are black. Asterisks indicate non-type strains.](fmicb-09-03162-g001){#F1}

A whole-genome-based phylogenetic tree was then reconstructed from 91 *Methylococcales* genomes via the GBDP approach ([@B27]; [@B60]). The inferred tree was used to assess the monophyletic status of members supposedly belonging to the same taxon. Unlike the 16S rRNA and PmoA trees (Figure [1](#F1){ref-type="fig"} and Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}), the genome phylogeny revealed robust bootstrap support with most branches having maximum support (Figure [2](#F2){ref-type="fig"}). This highlighted apparent taxonomic inconsistencies, but also allowed for the confident establishment of relationships within *Methylococcales*.

![The *Methylococcales* phylogenomic tree inferred with GBDP. The tree was inferred with FastME from GBDP distances calculated from the genome sequences restricted to coding regions. *Methylosinus* was chosen as outgroup. Pseudo-bootstrap support is indicated on the nodes as black (≥95%), gray (≥70%), or white (\>50%) circles. The branches are scaled in terms of log-transformed intergenomic distances (GBDP formula *d~5~*). Genera with at least two members are colored; genera with single members (and outgroup) are black; genomes with no genus designation are gray. Diamonds indicate type strains. Inferred clusters are for **(A)** genus, denoted by numbers and brackets and **(B)** species, denoted by numbers and braces. **(C)** Percent G+C content of genome sequences.](fmicb-09-03162-g002){#F2}

Taxonomic Structure at the Family Level Within *Methylococcales*
----------------------------------------------------------------

The reconstructed genome phylogeny reveals three lineages of gammaproteobacterial methanotrophs (Figure [2](#F2){ref-type="fig"}). This is because the clade consisting of the genera *Methylococcus*, *Methyloterricola*, *Methylomagnum*, *Methylogaea*, and *Methylocaldum* (i.e., Type X methanotrophs) is not monophyletic with the rest of family *Methylococcaceae*. These three lineages were also shown by the Genome Taxonomy Database (GTDB) phylogeny reconstructed from 120 ubiquitous single-copy protein-coding genes ([@B72]). As such, [@B72] proposed the transference of the majority of *Methylococcaceae* members to a different family. The three family lineages were therefore named as "*Methylomonadaceae*," *Methylococcaceae*, and *Methylothermaceae* (Supplementary Figure [S2](#SM1){ref-type="supplementary-material"}; [@B72]), corresponding to Type Ia, Ib (or X), and Ic, respectively ([@B47]; [@B6]).

The Type X and *Methylothermaceae* clades appear monophyletic in the genome-based tree (Figure [2](#F2){ref-type="fig"}), and it can be argued that members of these clades could be merged into one family. Members of these lineages are mesophilic to thermophilic and form dessication-resistant *Azotobacter*-type cysts, unlike members of "*Methylomonadaceae*" which are psychrophilic to mesophilic and form non-desiccation-resistant "immature" *Azotobacter*-type cysts ([@B6]). On the other hand, members of *Methylothermaceae* can be distinguished from *Methylococcaceae* by their abundance of C~18:1~ fatty acids ([@B31]; [@B30]), a typical characteristic of Type II methanotrophs ([@B26]). *Methylothermaceae* consists of three genera, "*Methylothermus*," *Methylomarinovum*, and *Methylohalobius*, but only the latter has a genome-sequenced type strain. Thus, reclassification, if warranted, is premature at this point without complete genomic information.

Despite the lack of a cultivated representative, *Crenothrix polyspora* is a validly published species name ([@B1]). The species is listed under family *Crenotrichaceae* in the List of Prokaryotic Names with Standing in Nomenclature ([@B74]) but has been transferred to *Methylococcaceae* in the most recent edition of the *Bergey's Manual of Systematics of Archaea and Bacteria* ([@B6]). Although *C. polyspora* is multicellular and filamentous, its assignment to *Methylococcaceae* is consistent with the occurrence of intracytoplasmic membrane stacks and their arrangement as vesicular discs ([@B91]; [@B85]), as well as the placement of the species within the family based on 16S rRNA phylogeny (Figure [1A](#F1){ref-type="fig"} and Supplementary Figure [S1A](#SM1){ref-type="supplementary-material"}; [@B91]; [@B85]; [@B90]; [@B47]; [@B6]; [@B69]). Indeed, the genome phylogeny shows the three *Crenothrix* genomes (*C. polyspora* RSM_CP1 and RSM_CP2 and *Crenothrix* sp. D3) positioned well within *Methylococcaceae* with high bootstrap support (Figure [2](#F2){ref-type="fig"}). To our knowledge, this is the first confirmation by whole-genome phylogeny of *Crenothrix* belonging to *Methylococcaceae*. Additionally, these three genomes are not monophyletic, and the consequence of this polyphyly in terms of genus nomenclature is discussed below.

A fourth family, "*Cycloclasticaceae*," was introduced by the GTDB taxonomy as a member of order *Methylococcales* ([@B72]). This family includes the species *Cycloclasticus pugetii*, a gammaproteobacterium that does not use methane or methanol but is instead capable of growing on aromatic hydrocarbons as sole sources of organic carbon ([@B18]). The genus *Cycloclasticus* is currently a member of the family *Piscirickettsiaceae* ([@B74]; [@B23]). Interestingly, [@B6], [@B8]) noted the paraphyly of *Methylococcales* to a number of other taxa of the class *Gammaproteobacteria* (e.g., *Cycloclasticus* and *Methylophaga*) based on 16S rRNA phylogeny. This raises the possible inclusion of non-methanotrophic bacteria into *Methylococcales*, which currently only includes methanotrophs ([@B8]), and the potential reorganization of taxonomic structure at the family and higher levels. The presence of non-methanotrophic members in the same family has been identified for the Type II methanotrophs (i.e., *Beijerinckiaceae* and *Methylocystaceae* of the order *Rhizobiales*) ([@B74]). Reorganization and reclassification of this level warrants a larger-scale genome sequencing effort, especially of unsequenced type strains within *Methylococcales* and all closely related taxa. Such effort in sequencing the genomes of type strains and making them publicly available is underway, such as the massive Genomic Encyclopedia of *Bacteria* and *Archaea* sequencing project ([@B98]; [@B50]; [@B94]; [@B63]).

Use of POCP vs. AAI for the Delineation of Genera
-------------------------------------------------

Taxonomic reorganization is required at the genus level because of several polyphyletic (e.g., *Methylobacter*, *Crenothrix*, *Methylomonas*, *Methylomicrobium*, and *Methylococcus*) and paraphyletic (e.g., *Methylovulum* and *Methylosarcina*) genera (Figure [2](#F2){ref-type="fig"}). Reorganization requires setting criteria for the amount of diversity allowed within genera, keeping in mind the use of a genome-based phylogeny as a primary guideline to identify clades that (i) are monophyletic ([@B80]) and (ii) would require the fewest number of changes from the current taxonomy. Here, the viability of genome-based similarity indexes, POCP ([@B75]) and AAI ([@B49]), as supplements to genome phylogeny to infer genera were examined.

A fixed genus boundary of 50% POCP has been proposed ([@B75]). Applying this boundary shows several pairwise comparisons of at least 50% POCP (Figure [3](#F3){ref-type="fig"} and Supplementary Table [S3](#SM1){ref-type="supplementary-material"}) that would automatically violate the monophyly rule for taxon delineation ([@B80]). Taking into consideration comparisons with at least 50% POCP that also exhibited monophyly in the genome phylogeny, inferred genus-level clusters would require splitting previously described species from the same genus into different genera (Supplementary Figure [S3](#SM1){ref-type="supplementary-material"}). For example, the inferred *Methylobacter* clade, the largest monophyletic clade formed by the majority of *Methylobacter* strains (Figure [2](#F2){ref-type="fig"}), would be split into five genera and separate type strains *Methylobacter tundripaludum* SV96^T^ ([@B92]) from *M. whittenburyi* ACM 3310^T^ and *M. marinus* A45^T^ ([@B9]; Supplementary Figure [S3](#SM1){ref-type="supplementary-material"}). The same could be said for the inferred *Methylomonas* clade, the largest monophyletic clade formed by the majority of *Methylomonas* strains (Figure [2](#F2){ref-type="fig"}), which would be split into seven genera. It would separate *Methylomonas methanica* NCIMB 11130^T^ ([@B7]) and "*Methylomonas denitrificans*" FJG1^T^ ([@B46]) from *Methylomonas koyamae* JCM 16701^T^ ([@B65]; Supplementary Figure [S3](#SM1){ref-type="supplementary-material"}). On the other hand, this POCP threshold would merge *Methylococcus capsulatus* Texas^T^ ([@B20]) and *Methyloterricola oryzae* 73a^T^ ([@B21]) into the same genus. In this context, the 50% POCP boundary is not an appropriate metric to delineate genera within *Methylococcaceae*. The use of the POCP has, similarly, been shown to be ineffective in delineating genera within the families *Bacillaceae* ([@B2]), *Burkholderiaceae* ([@B55]), *Neisseriaceae* ([@B54]), and *Rhodobacteraceae* ([@B96]), among others.

![AAI and POCP from pairwise whole-genome comparisons. The heat map shows AAI and POCP values between genomes, along with the tree cladogram to show relationships. Boxed regions indicate inferred genus clusters with at least two members based on AAI comparisons, as well as monophyly in the genome-based phylogeny. POCP was not used to infer genera.](fmicb-09-03162-g003){#F3}

Another tool proposed for delimiting taxonomic ranks at the genus level is AAI ([@B49]). However, prokaryotic taxa exhibit a range of AAI values, making distinct boundaries difficult to define ([@B49]; [@B56]). AAI comparisons by [@B56] of related but different genera typically ranged from 60 to 80%. We determined pairwise AAI values for the 91 *Methylococcales* genomes investigated (Figure [3](#F3){ref-type="fig"} and Supplementary Table [S3](#SM1){ref-type="supplementary-material"}). Over 70% of comparisons had at least 60% AAI, which would result in the collapse of the majority of genomes into a single genus. To minimize changes to the current nomenclature, this inferred lower AAI boundary ([@B56]) cannot be applied to discriminate genera. We then looked at the AAI range of the two most well-represented monophyletic clades, *Methylobacter* and *Methylomonas* (genus clusters 1 and 16, respectively) (Figure [2](#F2){ref-type="fig"}). In a previous study with a limited number of five to six genomes, the AAI ranges for these genera were determined to be 70--95% and 75--90%, respectively ([@B82]). In our analysis, the AAI values obtained ranged from 74 to 100% and 71 to 100% from 18 and 23 genomes, respectively (Supplementary Table [S3](#SM1){ref-type="supplementary-material"} and Supplementary Figure [S3](#SM1){ref-type="supplementary-material"}). For the *Methylobacter* clade, going below 74% AAI would include several genomes (*Methylobacter* sp. BC.3.94, *Methylovulum miyakonense* HT12^T^, and *Methylococcaceae* bacterium UBA6146) in the genus that would result in paraphyly, which should be avoided.

The use of 71% AAI as the lower genus limit resulted in 30 inferred monophyletic genera that maintained most of the current classifications for the identified genomes (Figure [2](#F2){ref-type="fig"}). The AAI ranges within the different inferred genera varied (Supplementary Table [S3](#SM1){ref-type="supplementary-material"} and Supplementary Figure [S3](#SM1){ref-type="supplementary-material"}). The clades containing *Methylovulum* (genus cluster 2), *Crenothrix* sp. D3 (genus cluster 4), and *Methylocaldum* (genus cluster 27) (Figure [2](#F2){ref-type="fig"}) had AAI ranges of 73--100%, 84--100%, and 84--100%, respectively. The variable AAI ranges among the inferred genus clades may be due to a lack of representation of some genera, but variations in AAI can be expected since different prokaryotic taxa, even those that are closely related, can evolve at different rates due to differences in responses to evolutionary and ecological processes ([@B78]). These AAI ranges may eventually change as more genomes from identified isolates become available in the future, allowing for an even better resolution of individual genus-level clades.

As mentioned previously, the three *Crenothrix* genomes are not monophyletic, with *Crenothrix* sp. D3 ([@B69]) instead exhibiting affinity with "*Methylocucumis oryzae*" Sn10-6 ([@B70]; Figure [2](#F2){ref-type="fig"}). The initial assignment of genome D3 to *Crenothrix* was ambiguous since it is separate from *C. polyspora* in the 16S rRNA phylogeny and 60% AAI was used for genus prediction ([@B69]). Genome D3 is monophyletic with several other genomes only designated as *Methylococcaceae* bacterium, UBA4132, UBA5071, UBA3127, and NSP1-2 (genus cluster 4). As inferred by the GTDB taxonomy ([@B72]), this clade is separate from *C. polyspora* RSM_CP1 and RSM_CP2 (genus cluster 6). *Crenothrix* sp. D3 is thus renamed to *Methylococcaceae* bacterium D3, since only one clade can keep the genus name. Genomes RSM_CP1 and RSM_CP2 remained as *Crenothrix* based solely on their phylogenetic affinity with other 16S rRNA genes from *C. polyspora* ([@B69]). All sequenced members of these clades are metagenome-assembled genomes (MAGs) obtained from various methane sinks ([@B69]; [@B73]; [@B83]), so formal genus descriptions cannot be performed until known isolates exhibiting affinity within these clades become available ([@B89]).

A similar case was seen with *Methylococcus*, where *M. capsulatus* Texas^T^ and Bath are monophyletic (genus cluster 23) but are positioned separately from *Methylococcus* sp. UBA6136 (genus cluster 28) (Figure [2](#F2){ref-type="fig"}), a MAG derived from an oil sands tailings pond metagenome ([@B73]). The latter is renamed *Methylococcaceae* bacterium UBA6136 as it is currently the sole member of a yet to be described genus.

The *Methylovulum* clade (genus cluster 2) consists of type strains *M. miyakonense* HT12^T^ ([@B35]) and *Methylovulum psychrotolerans* Sph1^T^ ([@B68]) and strain HV10-M2 ([@B58]; Figure [2](#F2){ref-type="fig"}). This clade also includes *Methylobacter* sp. BC.3.94 and *Methylococcaceae* bacterium UBA6146, both derived from wastewater metagenomes from groundwater ([@B99]) and an oil sands tailings pond ([@B73]), respectively. Accordingly, the latter strains are renamed *Methylovulum* sp. BC.3.94 and *Methylovulum* sp. UBA6146.

The two genomes representing *Methylothermaceae*, *Methylohalobius crimeensis* 10Ki^T^ ([@B28]) and *Methylothermaceae* bacterium B42, are monophyletic but likely represent different genera (genus clusters 29 and 30, respectively) (Figure [2](#F2){ref-type="fig"}), as determined previously by [@B82] and the GTDB taxonomy ([@B72]), since AAI between the two is only 69% (Supplementary Table [S3](#SM1){ref-type="supplementary-material"}).

Resolving Genus-Level Taxonomic Inconsistencies Between *Methylomicrobium* and *Methylosarcina*
-----------------------------------------------------------------------------------------------

Our whole-genome phylogeny shows the five *Methylomicrobium* strains to be polyphyletic (Figure [2](#F2){ref-type="fig"}). *M. agile* ATCC 35068^T^ and *M. album* BG8^T^ are separate from *Methylomicrobium alcaliphilum* 20Z^T^, "*Methylomicrobium buryatense*" 5G, and *Methylomicrobium kenyense* AMO1^T^. AAI between these clades is 66--67% and are thus proposed to represent different genera (Supplementary Table [S3](#SM1){ref-type="supplementary-material"}), consistent with the GTDB taxonomy ([@B72]). We propose the transference of *M. alcaliphilum*, "*M. buryatense*," and *M. kenyense* to a genus different from *M. agile* and *M. album*. According to Rule 39a (section 7, chapter 3) of the *International Code of Nomenclature of Bacteria: Bacteriological Code* ([@B51]), if a genus is divided into two or more genera, the generic name must be retained for one of them based on name priority by publication date (Rules 23a and 23b, section 5) and/or type designation (Rule 39b, section 7). Therefore, we propose the reclassification of *M. alcaliphilum*, "*M. buryatense*," and *M. kenyense* to a novel genus, *Methylotuvimicrobium* gen. nov. They should then be renamed *Methylotuvimicrobium alcaliphilum* comb. nov., "*Methylotuvimicrobium buryatense*" comb. nov., and *Methylotuvimicrobium kenyense* comb. nov., respectively, since they were identified (ca. 2001 and 2008) ([@B36]; [@B39]) after *M. agile* and *M. album* (ca. 1995) and since *M. agile* is the type species of the genus ([@B10]).

Unfortunately, the genomes of three closely related type strains, "*M. buryatense*" 5B^T^ ([@B36]), *Methylomicrobium japanense* NI^T^ ([@B39]), and *Methylomicrobium pelagicum* AA-23^T^ ([@B10]), are not sequenced, although "*M. buryatense*" has a genome-sequenced representative strain (Figure [2](#F2){ref-type="fig"}). Despite the lack of genome sequences for these strains, several pieces of evidence suggest that they would also likely belong to *Methylotuvimicrobium* gen. nov. Firstly, 16S rRNA and PmoA phylogenies consistently placed these species in a monophyletic clade with *M. alcaliphilum* and *M. kenyense* with high bootstrap support (Figure [1](#F1){ref-type="fig"} and Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}; [@B39]; [@B47]; [@B6]). Secondly, experimental DDH supports these species to be more closely related to each other and to "*M. buryatense*" 5G than to *M. agile* and *M. album* ([@B39]). Thirdly, members of *Methylotuvimicrobium* gen. nov. are halophilic with most strains also alkaliphilic, which differentiates them from *M. agile* and *M. album* (Table [1](#T1){ref-type="table"}). Their G+C content range is 48--50% compared to 52--60% for *Methylomicrobium*. Ideally, this reclassification would warrant *M. pelagicum* comb. nov. type species status of the novel genus. However, type strain AA-23^T^ has been lost from culture collections, and there are no other cultures available to replace/represent this species ([@B39]; [@B37]). Thus, we also propose *M. alcaliphilum* comb. nov. as the type species of *Methylotuvimicrobium* gen. nov. since it is the earliest described species with a validly published name after *M. pelagicum* comb. nov. ([@B39]). It is imperative to sequence the genomes of the remaining type strains to confirm their placement within this group in the context of a genome phylogeny. Nonetheless, a description of *Methylotuvimicrobium* gen. nov. and emended descriptions of the species proposed to belong to this genus are included.

Furthermore, the two *Methylosarcina* type strains, *Methylosarcina lacus* LW14^T^ and *Methylosarcina fibrata* AML-C10^T^, are paraphyletic (Figure [2](#F2){ref-type="fig"}). This was addressed in the GTDB taxonomy by splitting the two species into separate genera ([@B72]). However, both strains are monophyletic with *M. agile* ATCC 35068^T^ and *M. album* BG8^T^, and AAI comparisons between groups (73--82% AAI) suggest that the two *Methylosarcina* strains could be reclassified to *Methylomicrobium* (Supplementary Table [S3](#SM1){ref-type="supplementary-material"}). However, with *M. fibrata* as the type species of the genus ([@B97]), and *Methylosarcina quisquiliarum* not included in our dataset (i.e., genome is not sequenced), it is premature to completely collapse *M. fibrata*, *M. lacus*, and, consequently, *M. quisquiliarum* with *Methylomicrobium* without complete genomic information. Based on 16S rRNA phylogeny, *M. quisquiliarum* is more closely related to *M. fibrata* than *M. lacus* (Figure [1A](#F1){ref-type="fig"} and Supplementary Figure [S1A](#SM1){ref-type="supplementary-material"}) ([@B97]; [@B41], [@B39]; [@B47]; [@B6]). Unlike *M. fibrata* and *M. quisquiliarum*, *M. lacus* does not form sarcina-like clusters ([@B41]; [@B38]). The former two species also differ from the latter based on pigmentation (light brown as opposed to white to slightly light cream) and their ability to form cysts (Table [1](#T1){ref-type="table"}). The absence of pigmentation and inability to form cysts are shared characteristics between *Methylomicrobium* and *Methylotuvimicrobium* gen. nov. In addition, *M. lacus* was shown previously to be more closely related to *M. album* than *M. fibrata* based on whole-genome sequence comparisons ([@B38]), which is consistent with our findings (Supplementary Table [S3](#SM1){ref-type="supplementary-material"}). *M. lacus* is psychrotolerant and is able to grow at lower temperatures (\<22°C), unlike *M. fibrata* and *M. quisquiliarum* (Table [1](#T1){ref-type="table"}). *M. agile* and *M. album* are also capable of growth at temperatures as low as 10°C. Based on genome phylogeny, genomic comparisons, and phenotypic differences, we propose the reclassification of *M. lacus* into the genus *Methylomicrobium* as *Methylomicrobium lacus* comb. nov. Emended descriptions of *Methylomicrobium* and *Methylosarcina* are included.

Use of dDDH, ANI, and G+C Content for the Delineation of Species
----------------------------------------------------------------

Although reclassifications at the genus level has resolved most of the polyphyly and paraphyly within *Methylococcales*, misclassifications at the species level also need to be addressed. For this, pairwise nucleotide-level comparisons were performed between genome sequences to determine dDDH ([@B3]; [@B60]) and ANI values ([@B24]; Figure [4](#F4){ref-type="fig"} and Supplementary Table [S4](#SM1){ref-type="supplementary-material"}). The G+C content from genome sequences was also determined (Supplementary Table [S5](#SM1){ref-type="supplementary-material"}). Using previously established species delineation standards, two genomes are considered to belong to the same species if they (i) are monophyletic ([@B80]), (ii) have at least 70% dDDH ([@B3]; [@B60]) and 95% ANI ([@B24]), and (iii) have less than 1% difference in G+C content ([@B62]). Genomic comparisons revealed 63 species clusters (Figure [2](#F2){ref-type="fig"}).

![dDDH and ANI from pairwise whole-genome comparisons. The heat map shows dDDH and ANI values between genomes, along with the tree cladogram to show relationships. Boxed regions indicate inferred species clusters with at least two members based on comparisons that are at least 70% dDDH and 95% ANI, as well as monophyly in the genome-based phylogeny.](fmicb-09-03162-g004){#F4}

Several genomes initially identified as *M. tundripaludum* proved to be polyphyletic due to the inclusion of unidentified *Methylobacter* sp. genomes (UBA2091, UBA6696, UBA6701, and UBA6712). dDDH values less than 70% against type strain SV96^T^ ([@B92]) indicate that none of these genomes can be attributed to *M. tundripaludum* (Supplementary Table [S4](#SM1){ref-type="supplementary-material"}). Several comparisons within this group, however, showed 95--96% ANI. In cases where ANI is near the threshold for species delineation (i.e., 94--96%), dDDH is proven to be more discriminatory, as demonstrated with *Vibrio cidicii* ([@B67]) and "*Bradyrhizobium brasilense*" ([@B57]), where dDDH values were below the threshold when the species were compared against their closest relatives and ANI was inconclusive. Therefore, the *Methylobacter* genomes were reclassified into several unidentified species (clusters 1--4 and 6) within a known genus (i.e., *Methylobacter*) (Figure [2](#F2){ref-type="fig"}). Several other species clusters with at least two members and identified only up to the genus level include clusters 7 (*Methylobacter* sp.), 37, 41, 42 (*Methylomonas* sp.), and 59 (*Methylocaldum* sp.). It has been shown previously through comparative genomics that the MAGs of species clusters 7 (*Methylococcaceae* bacterium NSO1 and NSP1-1) and 8 (*Methylococcaceae* bacterium NSM2-1) are part of the *Methylobacter* clade ([@B83]) and strains Kb3 and LW13 ([@B40]) of cluster 37 represent a putative novel species of the genus *Methylomonas* ([@B76]).

Genus cluster 6 contains the MAGs *C. polyspora* RSM_CP1 and RSM_CP2 (Figure [2](#F2){ref-type="fig"}). Since both genomes represent different species (clusters 20 and 21, respectively, based on 26% dDDH and 80% ANI) (Supplementary Table [S4](#SM1){ref-type="supplementary-material"}), only one of the strains can keep the species name. We retained the species designation to strain RSM_CP1 based solely on its phylogenetic affinity with previously sequenced 16S rRNA genes from *C. polyspora* ([@B69]).

The four MAGs of species cluster 32 (*Methylobacter* sp. WM.3.3, DS2.3.46, and DS3.3.25 and *Methylomonas* sp. FW.017) do not fall within the *Methylobacter* or *Methylomonas* clades (Figure [2](#F2){ref-type="fig"}) but instead represent a different genus and species (92--99% dDDH and 98--100% ANI) (Supplementary Table [S4](#SM1){ref-type="supplementary-material"}). All these MAGs were derived from wastewater metagenomes ([@B99]), and a species description cannot be formally proposed until a known isolate of this species is identified ([@B89]). These strains are renamed instead as *Methylococcaceae* bacterium.

Surprisingly, both *Methylococcaceae* bacterium genomes, TMED282 (species cluster 26) and TMED69 (species cluster 27) (Figure [2](#F2){ref-type="fig"}), have high dDDH to other distant MAGs (Figure [4](#F4){ref-type="fig"} and Supplementary Table [S4](#SM1){ref-type="supplementary-material"}). dDDH ranged from 78 to 79% when TMED282 was compared with genomes UBA659 (species cluster 14) and RSM_CP2 (species cluster 21), and from 78 to 88% when TMED69 was compared with genomes DS1.3.54, DS1.022 (species cluster 42), and UBA1114 (species cluster 23). In contrast, the same comparisons fell way below the 95% ANI same-species cut-off (61--63%). These inferred species clusters contradict the genome phylogeny (i.e., not monophyletic), and the difference in G+C content among strains within these clusters is 1--8% and 4--18%, respectively (Supplementary Table [S5](#SM1){ref-type="supplementary-material"}), suggesting different species ([@B80]; [@B62]).

Resolving Species-Level Taxonomic Inconsistencies Between Close Relatives
-------------------------------------------------------------------------

*M. whittenburyi* ACM 3310^T^ and UCM-B-3033, *M. marinus* A45^T^, and *Methylobacter* sp. BBA5.1 exhibit a relatively high dDDH (88--100%) and ANI (98--100%) with each other and should therefore represent the same species (cluster 9) (Figure [2](#F2){ref-type="fig"} and Supplementary Table [S4](#SM1){ref-type="supplementary-material"}). Previous genomic comparisons have also demonstrated that *M. whittenburyi* ACM 3310^T^ and *Methylobacter* sp. BBA5.1 have high sequence similarity (99% ANI) with *M. marinus* A45^T^ ([@B17]). With the two names appearing in the same publication, priority is determined by page number where the names appear (Rule 24b-2, section 5 of the *Bacteriological Code*; [@B51]). Thus, name priority is granted to *M. marinus* over *M. whittenburyi* ([@B9]). As such, *M. whittenburyi* (strain ACM 3310^T^) is proposed as a later heterotypic synonym of *M. marinus* (Note 3, Rule 24a, section 5 of the *Bacteriological Code*; [@B51]). Also, UCM-B-3033 and BBA5.1 are identified as *Methylobacter marinus*. An emended description of *M. marinus* is included.

Comparisons between *M. agile* ATCC 35068^T^ and *M. album* BG8^T^ resulted in 90% dDDH and 99% ANI (Supplementary Table [S4](#SM1){ref-type="supplementary-material"}), and both strains should represent the same species (cluster 50) (Figure [2](#F2){ref-type="fig"}). This high ANI was also shown in a previous work ([@B37]). With *M. agile*, being the type species of the genus and described before *M. album* ([@B10]), the former species should take name priority over *M. album* (Rule 23a, section 5 and Rule 38, section 7 of the *Bacteriological Code;* [@B51]); thus, *M. album* is presumed to be a later heterotypic synonym. However, there is circumstantial evidence of misidentification of the currently deposited ATCC (American Type Culture Collection) strains for both species. Preliminary data suggests that strain ATCC 35068^T^ (*M. agile*) is phenotypically similar to *M. album*, whereas strain ATCC 33003^T^ (*M. album*) is similar to *Methylosinus sporium* (Dr. M. G. Kalyuzhnaya, personal communication). It is possible that the strains were interchanged, mislabeled, or lost, and that the *M. agile* ATCC 35068^T^ genome sequence was from an *M. album* isolate. Tracking the original *M. agile* and *M. album* isolates is difficult since they were originally isolated and identified in 1970 (as *Methylomonas agile* and *Methylomonas albus*, respectively) ([@B95]). Also, it is unfortunately common for methanotrophic isolates to be lost from or mis-deposited into culture collections, as these isolates take substantial efforts to maintain ([@B7]). Both strains are no longer available from the NCIMB (National Collection of Industrial Food and Marine Bacteria), where the strains were also initially deposited ([@B9], [@B10]). This matter requires further investigation, with the need to track laboratories that would have maintained stocks of both strains to perform extensive phenotypic characterizations and to re-sequence the genomes to confirm their identities, as well as to replace or deposit the strains in multiple culture collections.

It was suggested that members of the newly proposed *Methylotuvimicrobium* gen. nov., *M. alcaliphilum* comb. nov. 20Z^T^ and "*M. buryatense*" comb. nov. 5G, be considered a single species based on 95% ANI ([@B37]). While we obtained a similar borderline ANI value, dDDH is only 63%, providing a much stronger argument to maintain the two as different species (clusters 47 and 48, respectively) (Figure [2](#F2){ref-type="fig"} and Supplementary Table [S4](#SM1){ref-type="supplementary-material"}). They can be distinguished from each other since "*M. buryatense*" comb. nov., unlike *M. alcaliphilum* comb. nov., is able to grow at 45°C and contains a soluble methane monooxygenase (sMMO) (Table [1](#T1){ref-type="table"}).

Genomic comparisons also revealed misclassifications of some *Methylomonas* strains. Type strains *M. methanica* NCIMB 11130^T^ and "*M. denitrificans*" FJG1^T^ exhibit 92% dDDH and 100% ANI with each other, indicating that they should be considered as the same species (cluster 38) (Figure [2](#F2){ref-type="fig"} and Supplementary Table [S4](#SM1){ref-type="supplementary-material"}). Both strains are pale pink, utilize flagella for motility, and are neutrophilic and mesophilic, which are characteristics of *M. methanica* ([@B46]; [@B7]). With "*M. denitrificans*" being described much later than *M. methanica*, the former name is proposed to be a later heterotypic synonym of the latter. Moreover, strains R-45363, R-45371, and MC09 (species clusters 33, 34, and 44, respectively), currently identified as *M. methanica* ([@B5]; [@B29]), do not belong to this species since they are not monophyletic with the *M. methanica* strains (Figure [2](#F2){ref-type="fig"}) and genomic comparisons revealed only 21--35% dDDH and 74--88% ANI (Supplementary Table [S4](#SM1){ref-type="supplementary-material"}). Additionally, sMMO is predicted to be absent in *M. methanica* ([@B29]; [@B66]) but present in R-45363, R-45371, and MC09 ([@B5]; [@B29]). *Methylomonas lenta* R-45370 (species cluster 43) ([@B33]; [@B29]) is the closest known relative of strain MC09 (Figure [2](#F2){ref-type="fig"}), but they do not represent the same species (21% dDDH and 76% ANI) (Supplementary Table [S4](#SM1){ref-type="supplementary-material"}). Therefore, these three strains are renamed as *Methylomonas* sp. and each represent a putative novel species. They need to be extensively characterized phenotypically in comparison to their closest relatives to justify their classification into novel species.

Incorporating Whole-Genome Sequencing to Prokaryotic Taxonomy: Advantages and Limitations
-----------------------------------------------------------------------------------------

The results from reclassifications are summarized in Figure [5](#F5){ref-type="fig"} and Supplementary Table [S5](#SM1){ref-type="supplementary-material"}. For the sake of consistency and accuracy of the analyses, the reclassifications in this study were mainly limited to strains with available genome sequences. The genomes of the majority of *Methylococcales* type strains have yet to be sequenced. In fact, only 22 out of the 49 currently identified type strains (including those with effectively but not validly published names) have sequenced genomes (Figure [2](#F2){ref-type="fig"}). Nonetheless, we considered exceptions for some type strains that are not genome-sequenced, for currently available information (i.e., highly supported clades in both 16S rRNA and PmoA phylogenies, experimental DDH, phenotypic similarities, etc.) are sufficient to support our proposed reclassifications. Incorporation of genome sequence data is not mandatory in officially describing a novel taxon ([@B89]), however, the routine description of species on the basis of their genome sequences is recommended, which would allow for type strains to be uniquely and unambiguously identified to avoid redundancies and inconsistencies in taxonomy ([@B93]; [@B88]; [@B14]). Additionally, since the current taxonomic practice is highly reliant on comparisons with type strains ([@B89]), this also becomes a limitation ([@B48]). Several genomes in our dataset were binned from metagenomes obtained from various methane sinks ([@B82]; [@B69]; [@B73]; [@B99]; [@B83]) that currently do not show any affinity with sequenced type strains and therefore cannot be officially designated species names.

![Reclassification of the *Methylococcales* genomes. The phylogenetic trees are the same trees as in Figure [2](#F2){ref-type="fig"} (mirror image). Names and genera (colored when containing at least two members) are shown **(A)** before and **(B)** after reclassifications. **(B)** Asterisks indicate later heterotypic synonyms of their senior counterparts in the same species clusters as shown in Figure [2](#F2){ref-type="fig"}.](fmicb-09-03162-g005){#F5}

It is still recommended that a genomic approach to descriptions of novel taxa must not abandon the fundamental principles of taxonomy, which includes the incorporation of phenotypic data ([@B89]; [@B43]; [@B22]). Our reclassifications incorporated phenotypic characterizations when needed (e.g., between *Methylotuvimicrobium* gen. nov., *Methylomicrobium*, and *Methylosarcina*) (Table [1](#T1){ref-type="table"}). However, phenotypic characterizations should be genome phylogeny-guided, not the reverse ([@B25]; [@B64]). Inconsistencies between single-gene phylogenies (e.g., 16S rRNA and PmoA) and instances of poly- and paraphyly within *Methylococcales* have generally been overlooked in the past in favor of phenotypic similarities ([@B6], [@B8]). Regardless of phenotype, inclusion of an isolate to a known or novel taxon should first and foremost be supported by genome phylogeny (i.e., highly supported monophyletic clade) and supplemented with whole-genome comparisons (i.e., AAI, dDDH, and ANI) so that extensive poly- and paraphyly do not confuse taxonomy and subsequent interpretation.

Conclusion
==========

Our work successfully established a whole-genome-based phylogeny for all currently available *Methylococcales* genome sequences. In addition, pairwise genome comparisons were used to supplement the robust phylogeny to confidently reclassify several previously identified genomes, as well as provide identities to some unidentified genomes, including MAGs. This work serves as a foundation for the classification/reclassification of current and future isolates within *Methylococcales*. This approach will enable consistent and reliable classification of *Methyloccocales*, which becomes more and more important as the number of isolated and sequenced strains is rapidly growing.

Taxonomic Reclassifications
===========================

Description of *Methylotuvimicrobium* gen. nov.
-----------------------------------------------

Me.thy.lo.tu.vi.mi.cro'bi.um. N.L. n. *methylum* (from French *méthyle*, back-formation from French *méthylène*, coined from Gr. n. *methu*, wine and Gr. n. *hulê*, wood), the methyl radical; N.L. pref. *methylo-*, pertaining to the methyl radical; N.L. neut. adj. *tuvi*, pertaining to Tuva, Russia, the isolation source of the type species and strain; N.L. neut. n. *microbium* (from Gr. adj. *mikros*, small, and Gr. n. *bios*, life), microbe; N.L. neut. n. *Methylotuvimicrobium*, methane-utilizing microbe first isolated from Tuva, Russia.

Cells are Gram-negative and mainly rods but can also vary to ellipsoids, ovoids, and coccoids. 0.5--1.5 μm × 0.8--3.0 μm in size. Reproduce by binary fission. Motile mainly by a single polar flagellum but some may possess up to three peritrichous flagella. Stacks of intracytoplasmic membrane present. Do not form cysts. Colonies are white to slightly cream. Grow in a wide range of pH from 6 to 11, temperature from 4 to 45°C, and salinity from 0.03 to 1.5 M NaCl, with varying optimal conditions per species. Some species are resistant to desiccation and heat (80°C). Some species possess an sMMO. The most abundant fatty acids are C~16:1~, C~16:1~ ω7c, or C~16:1~ ω5t, with type depending on the species. DNA G+C content from 48 to 50.2 mol%. The type species for the genus is *Methylotuvimicrobium alcaliphilum*.

Description of *Methylotuvimicrobium alcaliphilum*, comb. nov.
--------------------------------------------------------------

Basonym: *Methylomicrobium alcaliphilum* ([@B39]). The description is the same as that of the genus and for *Methylomicrobium alcaliphilum* ([@B39]) with the following amendment. DNA G+C content of type strain 20Z^T^ (= VKM B-2133^T^ = NCIMB 14124^T^ = DSM 19304^T^) is 48.7 mol% based on its whole-genome sequence.

Description of "*Methylotuvimicrobium buryatense*," comb. nov.
--------------------------------------------------------------

Basonym: "*Methylomicrobium buryatense*" ([@B36]). The description is the same as that of the genus and for "*Methylomicrobium buryatense*" ([@B36]) with the following amendment. DNA G+C content of strain 5G is 48.7 mol% based on its whole-genome sequence.

Description of *Methylotuvimicrobium kenyense*, comb. nov.
----------------------------------------------------------

Basonym: *Methylomicrobium kenyense* ([@B39]). The description is the same as that of the genus and for *Methylomicrobium kenyense* ([@B39]) with the following amendment. DNA G+C content of type strain AMO1^T^ (= NCCB 97157^T^ = VKM B-2464^T^ = NCIMB 13566^T^ = DSM 19305^T^) is 50.2 mol% based on its whole-genome sequence.

Description of *Methylotuvimicrobium japanense*, comb. nov.
-----------------------------------------------------------

Basonym: *Methylomicrobium japanense* ([@B39]). The description is the same as that of the genus and for *Methylomicrobium japanense* ([@B39]). Despite the absence of a genome-sequenced representative strain, 16S rRNA and PmoA phylogenies, phenotypic characteristics, and experimental DDH provided strong evidence for the placement of this species in the genus *Methylotuvimicrobium* gen. nov.

Description of *Methylotuvimicrobium pelagicum*, comb. nov.
-----------------------------------------------------------

Basonym: *Methylomicrobium pelagicum* ([@B81]; [@B10]). The description is the same as that of the genus and for *Methylomicrobium pelagicum* ([@B9], [@B10]). Despite the absence of a genome-sequenced representative strain, 16S rRNA phylogeny, phenotypic characteristics, and experimental DDH provided strong evidence for the placement of this species in the genus *Methylotuvimicrobium* gen. nov.

Description of *Methylomicrobium lacus*, comb. nov.
---------------------------------------------------

Basonym: *Methylosarcina lacus* ([@B41]). The description is the same as for *Methylosarcina lacus* ([@B41]) with the following amendment. DNA G+C content of type strain LW14^T^ (= ATCC BAA-1047^T^ = JCM 13284^T^) is 54.7 mol% based on its whole-genome sequence.

Emended Description of *Methylomicrobium* ([@B10]) emend. ([@B39])
------------------------------------------------------------------

The description is the same as given by [@B10] and [@B39] with the following amendments. Cells are short rods or coccobacilli. 0.5--1.0 μm × 1.0--2.5 μm in size. Cells may be motile by means of a single polar flagellum or nonmotile. Mostly mesophilic, with optimum temperature for growth at 25--30°C; range, 4--37°C. Optimum pH for growth from 5.5 to 7; range, pH 4--9. All species possess a pMMO but no sMMO. The most abundant fatty acids are C~16:1~ ω5t or C~16:1~ ω8c, with type depending on the species. DNA G+C content from 52 to 59.6 mol%.

Emended Description of *Methylosarcina* ([@B97]) emend. ([@B41])
----------------------------------------------------------------

The description is the same as given by [@B97] and excludes the amendments by [@B41] due to the proposed transference of *Methylosarcina lacus* ([@B41]) to the genus *Methylomicrobium (*[@B10]) emend. ([@B39]).

Emended Description of *Methylobacter marinus* ([@B9])
------------------------------------------------------

The description is the same as given by [@B9] with the following amendments. Cells are 0.8--1.5 μm × 1.5--3.0 μm. May or may not require NaCl for growth. Optimum temperature for growth, ∼30--35°C; range, 15--40°C. DNA G+C content from 48.7 to 53.7 mol%. DNA G+C content of type strain A45^T^ (= Lidstrom A4^T^ = ACM 4717^T^) is 52.7 mol% based on its whole-genome sequence.
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